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1.  INTRODUCTION
Isoprene is one of the most abundant atmospheric
trace gases, and yet, compared to methane, the bio-
geochemical cycle for isoprene is relatively poorly
understood. In particular, comparatively little is
known about the biological consumption of isoprene
in the biosphere before it enters the atmosphere. Iso-
prene, like methane, can be a source of carbon and
energy for aerobic bacteria (Van Ginkel et al. 1987,
van Hylckama Vlieg et al. 2000, Crombie et al. 2015).
The majority of isoprene is produced by land plants
(Guenther et al. 2006, 2012), but there are many mar-
ine and freshwater sources of isoprene. The aims of
this review are to summarize what is known about
aquatic isoprene cycling and to highlight the poten-
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ABSTRACT: Isoprene (2-methyl-1,3-butadiene) is emitted in vast quantities (>500 Tg C yr−1).
Most isoprene is emitted by trees, but there is still incomplete understanding of the diversity of
isoprene sources. The reactivity of isoprene in the atmosphere has potential implications for both
global warming and global cooling, with human health implications also arising from isoprene-
induced ozone formation in urban areas. Isoprene emissions from terrestrial environments have
been studied for many years, but our understanding of aquatic isoprene emissions is less com-
plete. Several abundant phytoplankton taxa produced isoprene in the laboratory, and the rela-
tionship between chlorophyll a and isoprene production has been used to estimate emissions from
marine environments. The aims of this review are to highlight the role of aquatic environments in
the biological cycling of isoprene and to stimulate further study of isoprene metabolism in marine
and freshwater environments. From a microbial ecology perspective, the isoprene metabolic gene
cluster, first identified in Rhodococcus sp. AD45 (isoGHIJABCDEF) and subsequently found in
every genome-sequenced isoprene-degrader, provides the ideal basis for molecular studies on the
distribution and diversity of isoprene-degrading communities. Further investigations of isoprene-
emitting microbes, such as the influence of environmental factors and geographical location, must
also be considered when attempting to constrain estimates of the flux of isoprene in aquatic eco-
systems. We also report isoprene emission by the scleractinian coral Acropora horrida and the
degradation of isoprene by the same coral holobiont, which highlights the importance of better
understanding the cycling of isoprene in marine environments.
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tial for further study of the ecology of isoprene-de-
grading microbes and the biological consumption of
isoprene in aquatic environments. Our understanding
of the physiology, biochemistry, mole cular biology and
ecology of isoprene-degrading bacteria has focussed
mostly on terrestrial environments (re viewed by Mc-
Genity et al. 2018, Carrión et al. 2020b, Murrell et al.
2020), and so we summarise what is known about the
biology of isoprene consumption using examples
mainly from the terrestrial environment and then fo-
cus on aquatic environments.
Isoprene is released into the biosphere at around
500 Tg C yr−1, a flux approximately equal in magni-
tude to that of methane in terms of global emissions
(Fig. 1) (Atkinson & Arey 2003, Guenther et al. 2012).
Isoprene is highly volatile and reactive, and it has a
variety of effects on the Earth’s climate depending on
the levels of other compounds, including nitrogen
oxides, in the atmosphere (Atkinson & Arey 2003).
Isoprene increases the longevity of methane in the
at mosphere by reacting with hydroxyl radicals and
thus, indirectly, acts as a global warming gas (Collins
et al. 2002, Folberth et al. 2006). Oxidation products
of isoprene can also promote aerosol formation, lead-
ing to increased cloud albedo and global cooling.
Reactions of isoprene with atmospheric compounds
also affect the levels of ozone in the lower atmos-
phere (Trainer et al. 1987, Atkinson & Arey 2003,
Carlton et al. 2009). Increased planting of major iso-
prene-producing crop plants such as oil palm, poplar
and willow has stimulated considerable interest in
the effects of isoprene on air quality (Sharkey et al.
2008, Hewitt et al. 2009, Karlsson et al. 2020, Monson
et al. 2020).
2.  EMISSION OF ISOPRENE FROM 
TERRESTRIAL ENVIRONMENTS
The majority (>90%) of isoprene released into the
atmosphere is from terrestrial plants, primarily trees
(Fig. 1). Not all trees produce isoprene, and there is
still considerable debate as to the exact role of iso-
prene in species that do produce it. Isoprene is pro-
duced from dimethylallyl diphosphate (DMAPP), a
precursor molecule for many building blocks of cells
including sterols, carotenoids, chlorophyll, quinones
and hormones. DMAPP biosynthesis occurs via the
mevalonate (MVA) pathway (in animals, fungi,
archaea, in a minority of bacteria and in the plant
cytosol) or the methylerythritol 4-phosphate (MEP)
pathway (in chloroplasts, the major site of isoprene
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Fig. 1. Estimated annual net fluxes of isoprene from different environments (shown in brackets), both biogenic and anthro-
pogenic, where each component is shown in Tg C yr−1 (adapted from Murrell et al. 2020). Where isoprene emissions are poorly 
constrained, a question mark has been included in place of values for net flux
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production, and also in bacteria) (Rohmer 1999, Zhao
et al. 2013). In trees that are substantial producers of
isoprene, 1−20% of the carbon fixed through photo-
synthesis and the Calvin cycle can be released to the
atmosphere as isoprene, mainly via the leaves
(Guenther et al. 1995, Harley et al. 1996, Sharkey &
Yeh 2001, Lantz et al. 2019). Isoprene biosynthesis is
a costly process in terms of reducing power and
energy, and so it represents a substantial metabolic
drain on the plant. This metabolic ‘bleed’ is therefore
presumably of significant benefit to plants, and the
current dogma is that there are multiple roles for iso-
prene in pro tecting the plant from thermal and
oxidative stress (Singsaas et al. 1997, Sharkey et al.
2001, Vickers et al. 2009), stabilizing membranes
(Velikova et al. 2011), protecting against predation
by grazing in sects, and acting as a signalling mole-
cule (Lantz et al. 2019, Zuo et al. 2019). These possi-
ble roles for isoprene production by plants have been
reviewed in detail (Sharkey et al. 2008, Vickers et al.
2009, Lantz et al. 2019). Other sources of isoprene in
the biosphere include some bacteria, archaea, fungi,
and especially microalgae and macroalgae, which
are thought to be the main producers of isoprene in
the marine environment, contributing up to around
11.6 Tg C yr–1 (Broadgate et al. 1997, Luo & Yu 2010,
Shaw et al. 2010, Conte et al. 2020). Biological
sources of isoprene in wetlands, and freshwater,
coastal and marine environments are discussed in
Sections 7-10 and detailed in Table 1. Although
likely to be small in comparison with biological
sources, anthropogenic isoprene emissions may be
important in urban areas. Vehicle exhaust is likely to
be a large anthropogenic source of isoprene (Rei -
mann et al. 2000, Khan et al. 2018), although no de -
finitive global annual emissions data have been re -
ported. Industrial production of polyisoprene rubber
generates an estimated 0.8 Tg C yr−1 isoprene (Greve
2000), with other processes likely producing addi-
tional emissions each year.
3.  IDENTIFICATION OF SOILS AS A SINK 
FOR ISOPRENE
Given that trees are the main sources of isoprene to
the atmosphere, it is perhaps not surprising that most
attention has focussed on biological consumption in
terrestrial environments. Landmark experiments by
Cleveland & Yavitt (1997, 1998) demonstrated that a
variety of soils could consume isoprene down to very
low levels (<5 ppbv), indicating that microbes that
could degrade isoprene were present in soil. The first
reports of the isolation of bacteria that could consume
isoprene were in the 1980s and 1990s (Van Ginkel et
al. 1987, Ewers et al. 1990, Cleveland & Yavitt 1998,
van Hylckama Vlieg et al. 1998), and these were
mainly Actinobacteria of the genera No cardia, Arthro -
bacter and Rhodococcus. Related strains such as Gor -
do nia and Mycobacterium and also proteobacterial
strains were subsequently isolated from estuarine
sediments (Acuña Alvarez et al. 2009, Johnston et
al. 2017). Isoprene-degrading strains of Pseudomonas,
Kleb si ella and Alcaligenes have also been isolated
from rubber-contaminated soils (Srivastva et al. 2015).
More recently, the leaf environment (the phyllos-
phere) has yielded a number of isoprene-degraders,
in cluding further Rhodo coccus strains, and a Gram-
negative Variovorax strain from the leaves of the high
isoprene-emitting poplar tree (Crombie et al. 2018).
The leaves of willow, and soils in the vicinity of these
isoprene-emitting trees, have provided isoprene-de-
grading strains from the genera Nocardioides, Gordo-
nia, Rhodococcus, Ramlibacter, Variovorax and Sphin-
gopyxis, several of which have been characterised in
detail (Larke-Mejía et al. 2019, 2020, Dawson et al.
2020, Gibson et al. 2020). Isoprene degraders have
also been isolated from tropical tree species (Singh et
al. 2019). All of these isolates are aerobes, and thus far
there has only been one report of anaerobic degrada-
tion of isoprene, describing an enrichment of homo -
acetogens that can use isoprene as an electron ac-
ceptor, forming a mixture of methylbutenes in the
process (Kronen et al. 2019).
4.  BACTERIAL METABOLISM OF ISOPRENE
Benchmark studies in the field of isoprene degra-
dation by van Hylckama Vlieg et al. (1998) described
the utilization of isoprene by Rhodococcus sp. AD45,
isolated from freshwater sediment. In this actinobac-
terium, they proposed that isoprene oxidation was
initiated via a soluble diiron-centre oxygenase, iso-
prene monooxygenase (IsoMO), and the toxic inter-
mediate 1,2-epoxyisoprene formed was then conju-
gated to glutathione by a glutathione S-transferase
(van Hylckama Vlieg et al. 1998). Rhodococcus strain
AD45 subsequently became the ‘workhorse’ bac-
terium for the study of isoprene degradation. The
genome sequence and expression studies of this iso-
prene degrader revealed 22 genes involved in iso-
prene metabolism, which are all located on a 300 kbp
plasmid (Fig. 2) (Crombie et al. 2015). IsoMO, con-
sisting of a 3-subunit oxygenase, a reductase, a ferre-
doxin and a coupling protein, is encoded by 6 genes,
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isoABCDEF, which are adjacent to isoGHIJ that
encode enzymes involved in downstream steps in
isoprene metabolism (Figs. 2 & 3), including the glu-
tathione S-transferase (IsoI). The plasmid also con-
tains genes involved in biosynthesis of the glutathi-
one necessary to detoxify epoxyisoprene (Crombie et
al. 2015). The use of glutathione is an uncommon
trait in Gram-positive bacteria (Johnson et al. 2009).
Other possible intermediates include 1-hydroxy-2-
glutathionyl-2-methyl-3-butene (HGMB) and 2-glu-
tathionyl-2-methyl-3-butenoate (GMBA), followed
by β-oxidation to enable strain AD45 to grow on iso-
prene as the sole carbon and energy source (Fig. 3)
(van Hylckama Vlieg et al. 2000). The isoprene meta-
bolic pathway has previously been reviewed by Mur-
rell et al. (2020). Loss of the 300 kbp plasmid resulted
in loss of the ability of strain AD45 to grow on iso-
prene. Isoprene degradation is induced by either
epoxyisoprene or a subsequent intermediate product
of isoprene metabolism in strain AD45, and expres-
sion studies have shown that in induced cells, iso
genes are highly expressed, accounting for around
25% of all transcripts ob served (Crombie et al. 2015).
We are also studying putative transcriptional regula-
tors in the vicinity of the iso gene cluster to determine
how isoprene de gradation is regulated.
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Fig. 2. Isoprene (iso) metabolic gene clusters from representative Gram-positive isoprene-degrading bacteria from aquatic
ecosystems (Johnston et al. 2017) and representative Gram-negative isoprene-degrading bacterium Variovorax sp. WS11
from soils (adapted from Dawson et al. 2020). Arrows represent the direction of transcription of the iso metabolic genes.
Conserved iso metabolic genes are presented in consistent colours. The sizes of the genes represent approximate scaling, 
where isoA from Rhodococcus sp. AD45 is 1524 bp
Fig. 3. Isoprene metabolic pathway, initially proposed by van Hylckama Vlieg et al. (adapted from van Hylckama Vlieg et
al. 2000, Crombie et al. 2015). Asterisks: enzyme-catalysed reactions. Predicted metabolic reactions for which the enzyme/
enzymes are unknown are shown in a hyphenated list. IsoMo: isoprene monooxygenase; HGMB: 1-hydroxy-2-glu-
tathionyl-2-methyl-3-butene; GMB:2-glutathionyl-2-methyl-3-butenal; GMBA: 2-glutathionyl-2-methyl-3-butenoic acid; 
CoA: coenzyme A; AldH:  aldehyde dehydrogenase
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The biochemistry of isoprene monooxygenase is
also an interesting area of current study. Purification
of the various components of the IsoMO and recon -
stitution assays reveal that all components, the dimer -
ic oxygenase (IsoA2B2E2), a Rieske-type ferredoxin
(IsoC), coupling protein (IsoD) and a flavo protein
NADH reductase (IsoF), are essential for activity
(Sims 2020, L. Sims et al. unpubl. data). Preliminary
data also suggest that the IsoMO has a smaller sub-
strate range than other related soluble diiron-centre
monooxygenases such as the soluble methane mono -
oxygenase (sMMO), which can co-oxidise isoprene
to 1,2-epoxyisoprene (Patel et al. 1982). It will be
interesting to explore the biotechnological potential
of IsoMO, particularly with respect to the production
of chiral epoxides from alkenes (Sims 2020).
5.  CHARACTERISATION OF OTHER 
ISOPRENE-DEGRADING BACTERIA
The other well-characterised isoprene-degrader is
the Gram-negative Variovorax sp. WS11, isolated
from soil in the vicinity of a willow tree (Larke-Mejía
et al. 2019). This isoprene-degrader also contains the
iso metabolic gene cluster on a plasmid, and these
genes are significantly upregulated in the presence of
isoprene and epoxyisoprene (Dawson et al. 2020).
Two putative LysR-type transcriptional regulators,
encoded by genes located 5’ and 3’ of the iso metabolic
gene cluster in Variovorax sp. WS11, are also the sub-
ject of further study (R. A. Dawson, A. T. Crom bie & J.
C. Murrell unpubl.). The de velopment of robust mo-
lecular genetics methods for this isoprene-degrader,
such as targeted mutagenesis, is now enabling the dis-
section of the downstream re gions of the isoprene-
degradation pathway. The IsoMO of Variovorax sp.
WS11 oxidises a variety of alkenes, and its activity is in-
hibited by several alkynes, with inhibition increasing
significantly with increasing chain length (Dawson et
al. 2020). Octyne was the most potent inhibitor tested,
and in contrast, acetylene (at 50 μM), a strong suicide
inhibitor of the related en zyme soluble methane mono -
 oxygenase, was a poor inhibitor of IsoMO. This finding
paves the way for the use of specific inhibitors to de-
termine if isoprene oxidation in environmental samples
is mainly due to bona fide isoprene-degraders (most
likely) or possibly due to co-oxidation reactions by
the catalytically versatile sMMO present in methane-
oxidising bacteria (methanotrophs), which are widely
distributed in the environment.
Characterisation of other newly isolated isoprene-
degraders such as Gordonia, Mycobacterium, Nocar-
dioides and Sphingopyxis has increased our baseline
knowledge of the metabolism of isoprene by bacteria
by providing important information on the physiol-
ogy, biochemistry and molecular biology of diverse
genera of isoprene-degraders (Johnston et al. 2017,
Larke-Mejía et al. 2019, 2020, Gibson et al. 2020).
The availability of representatives across several
genera has also enabled comparative genomics of
isoprene-degraders, revealing that they all contain
isoprene degradation gene clusters as shown in
Fig. 2 (Larke-Mejía et al. 2019, Carrión et al. 2020a),
which are invariably found together, either on the
genome or, as in the case of Variovorax sp. WS11 and
Rhodococcus strain AD45, on large plasmids (Crom-
bie et al. 2015, Dawson et al. 2020). The ability to
make glutathione also appears to be a common fea-
ture of these bacteria due to the role of glutathione in
the detoxification of the reactive epoxide intermedi-
ate, 1,2-epoxyisoprene, formed by the oxidation of
isoprene by IsoMO. Comparative analysis of genes
encoding IsoMO has also enabled us to differenti-
ate this key enzyme, which initiates the metabolism
of isoprene by bacteria, from other soluble diiron-
centre monooxygenases (SDIMOs) such as sMMOs,
alkene monooxygenases and toluene mono oxy gen -
ases (Carrión et al. 2018).
6.  MOLECULAR ECOLOGY OF 
ISOPRENE-DEGRADERS
It is now clear that iso genes fall into distinct clades
when analysed phylogenetically in combination with
other SDIMO-encoding genes (Leahy et al. 2003,
Carrión et al. 2018). This molecular and biochemical
information on isoprene-degraders has enabled the
development of molecular ecology tools to determine
the distribution, diversity and activity of these bacte-
ria in the environment. Following the methodological
strategies of Dumont & Murrell (2005) and Farhan Ul
Haque et al. (2019) to study the microbial ecology of
aerobic methanotrophs, DNA-based detection meth-
ods have been developed to investigate isoprene-
degraders in the environment (Carrión et al. 2020b).
Analysis of the genomes of isoprene-degraders and
alignment of iso genes has revealed a consistent
organisation of isoprene degradation genes. We have
used the isoA gene, encoding the putative active
site-containing α-subunit of the oxygenase compo-
nent of IsoMO, as a phylogenetic marker to deter-
mine the presence of isoprene-degraders in DNA
extracted from a number of different (mostly terres-
trial) environments, including various soils, sedi-
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ments, and leaf samples. isoA-specific PCR primer
sets were designed which do not ‘cross-react’ with
the corresponding homologues encoding the α-sub-
units of other SDIMOs, for example the large subunit
of sMMO (mmoX) (El Khawand et al. 2016, Carrión
et al. 2018). These isoA PCR primer sets have pro-
vided valuable data on the distribution and diversity
of isoprene-degraders in various environments, and
isoA sequences have complemented data on isoA
from cultivated isoprene-degraders to assist in map-
ping the phylogeny of these IsoMO enzymes (Crom-
bie et al. 2018, Carrión et al. 2020a, Dawson et al.
2020, Murrell et al. 2020). For example, screening of
soil and leaf samples not only revealed the presence
of actinobacterial isoprene-degraders such as Rhodo -
coccus, Gordonia, Mycobacterium and Nocardioides
and proteobacterial representatives Sphingopyxis and
Variovorax, but also the presence of sequences rep-
resenting uncultivated isoprene-degraders (Carrión
et al. 2020a). A quantitative PCR assay based on isoA
has also been developed which, when normalised
against 16S rRNA gene copies in DNA from environ-
mental samples, revealed the relative abundance
of putative isoprene-degraders. For example, isoA
copies appeared to be most abundant in soil col-
lected from within the vicinity of high isoprene-emit-
ting trees such as oil palm, poplar and willow with
between ~75 and 300 copies of isoA genes per mil-
lion 16S rRNA genes (Carrión et al. 2018, 2020a).
Surveys such as these now need to be carried out in
other environments (see Section 11).
Amplification of isoA sequences by PCR reveals
the presence of isoprene-degraders in an environ-
mental sample but this approach does not necessar-
ily retrieve the most active isoprene-oxidisers and,
hence, as with methanotrophs, DNA-stable iso tope
probing (DNA-SIP) (Dumont & Murrell 2005, Kröber
& Eyice 2019) was used to identify the most active
isoprene-degraders in a variety of soil, leaf and
estuarine sediment samples. Early DNA-SIP experi-
ments with 13C-labelled isoprene used sediment
from the Colne Estuary, UK, originally investi-
gated for isoprene-degradation potential by Acuña
Alvarez et al. (2009). This led to the identification of
actinobacterial isoprene-degraders such as Gordonia,
Myco bacterium and Rhodococcus (Johnston et al.
2017). Soil from the vicinity of willow trees also
revealed the presence of similar Actinobacteria, but
also of Betaproteobacteria, such as Comamonas and
Vario vorax, which are capable of consuming iso-
prene (El Khawand et al. 2016, Larke-Mejía et al.
2019). El Khawand et al. (2016) showed that the
isoA sequences from marine and estuarine iso-
prene-degrading bacteria cluster together in a
phylo genetic tree (as in Fig. 4), while the isoA
sequences from isoprene-degraders isolated from
terrestrial and freshwater samples lacked a clear
environment-phylotype relationship. Cultivation-
independent studies, which combined functional
gene probing with DNA-SIP, provided further isoA
sequences to use alongside isoA sequences from
cultivated representatives, thus improving consid-
erably the robustness of isoA phylogenetic trees
and enabling the detection of un cultivated isoprene-
degraders in the environment (Carrión et al. 2018).
By combining DNA-SIP with metagenomics, using a
‘focussed metagenomics’ strategy, the near-complete
genomes of key, active isoprene-degrading bacte-
ria have been retrieved from several environments
(Carrión et al. 2018, 2020a, Crombie et al. 2018,
Larke-Mejía et al. 2019). Study of these genomes
has yielded not just individual iso genes but also
complete iso metabolic gene clusters containing
isoABCDEF and isoGHIJ (Fig. 2), providing valu-
able data for comparative genomics, aiding phylo-
genetic analysis and revealing the presence of
new isoprene-degraders without the need for culti-
vation. For example, leaf washings of the high iso-
prene-emitter white poplar Populus alba were incu-
bated in microcosms with 13C-labelled isoprene.
After assimilation of labelled isoprene, heavy DNA
from active isoprene-degraders in these environ-
mental samples was isolated by CsCl density-gradi-
ent centrifugation and sequenced. Near-complete
genomes of putative isoprene-degrading Rhodo -
coccus and Variovorax were obtained (Crombie et
al. 2018). The power of this focussed metagenomics
ap proach was demonstrated by cloning the iso
genes from the Vario vorax genome into a mutant
Rhodo coccus strain AD45 that had been cured of the
300 kbp plasmid containing all of its iso genes (also
a convenient expression system for future site-
directed mutagenesis studies on IsoMO), which
therefore did not oxidise isoprene. The isoABCDEF
gene cluster from the Variovorax genome conferred
on this Rhodo coccus mutant the ability to oxidise
isoprene, thus proving that the iso genes retrieved
through DNA-SIP-enabled metagenomics were in -
deed from a bona fide isoprene-degrader (Crombie
et al. 2018). In formed by these molecular data,
enrichment and isolation strategies were used to
isolate representative isoprene-degraders of the
genus Variovorax, including Variovorax sp. WS11
described earlier, which has now become the Gram-
negative model isoprene-degrader of choice (along
with the actinobacterial Rhodococcus strain AD45)
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to study the metabolism and pathways of isoprene
degradation in bacteria (Dawson et al. 2020).
We now have a good understanding of the types of
isoprene-degraders present in the terrestrial envi-
ronment and also of the biology of isoprene degrada-
tion, with the majority of isolates from soils, leaves
and sediments. Here, we review the state of knowl-
edge on isoprene in marine and freshwater environ-
ments and highlight the potential for future research
on this topic.
7.  EMISSION OF ISOPRENE BY 
TERRESTRIAL WETLANDS
Wetlands are an interesting but understudied envi-
ronment when considering the cycling of biogenic
volatile organic compounds (BVOCs). Temperature-
dependent shifts in volatile organic compound (VOC)
emissions from terrestrial plants are well-established
(Lantz et al. 2019), but wetlands may respond dif-
ferently than drier ecosystems due to buffering of
extremes by the high specific heat capacity of water
and the cooling effects of flowing and evaporating
water. Few measurements of isoprene emissions
from fenland plants are available (Seco et al. 2020),
and the isoprene-degrading communities of these
ecosystems are currently unstudied. Several studies
have identified the isoprene-emitting potential of
moss species in arctic and sub-arctic wetlands (Jan-
son & De Serves 1998, Ekberg et al. 2009, 2011, Lind-
wall et al. 2016, Hellén et al. 2020, Seco et al. 2020).
Swedish Sphagnum and graminoid-rich fens emit
isoprene at 219.8 ± 125.8 and 93 ± 22 μmol m−2 d−1,
respectively, exhibiting diurnal regulation due to
light and temperature (Janson & De Serves 1998,
Seco et al. 2020). In contrast to leaves, which heat
and cool rapidly due to a large surface area in direct
contact with the air, bodies of water react much more
slowly. This difference may contribute to the obser-
vation that the temperature history of the previous
48 h is a significant influencer of wetland isoprene
emission (Ekberg et al. 2009, 2011). Moisture content
was also a potent controller of isoprene emission,
with plants from dry and wet fenland sites producing
70 and 2000 μg C m−2 h−1, respectively (Janson & De
Serves 1998), with Sphagnum balticum producing
30% more isoprene under moist conditions com-
pared to dry conditions (Ekberg et al. 2011). More
direct comparisons of isoprene emission from plants
in dry and wetland sites are required to adequately
define the relative contributions of each to the iso-
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Fig. 4. Phylogeny based on ratified IsoA amino acid sequences (colour-coded) from aquatic isoprene-degraders and from the
soil-derived isoprene-degrader Variovorax sp. WS11. *: genome-sequenced isoprene-degrading bacterium which contains a
verified iso metabolic gene cluster. Included for reference: SDIMO α-oxygenase subunits from the soluble methane monooxy-
genase (MmoX) and toluene 4-monooxygenase (TmoA). The closest relative to IsoA, the α-oxygenase subunit from the alkene
monooxygenase of Xanthobacter sp. PY2 (XamoA) was also included for reference. This tree was drawn using the maximum
likelihood programme in Mega7 (Kumar et al. 2016), with bootstrap values (500 replications) shown at the nodes. Branch 
lengths measured in the number of substitutions per site
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prene budget. Algae may also be key contributors to
isoprene emissions from wetlands, but their role will
be discussed in Section 10. Although global isoprene
emission from wetlands is difficult to quantify, due to
insufficient measurements and because estimates of
global wetland coverage range from 0.54−21.26 mil-
lion km2 (Hu et al. 2017), the contribution of wetlands
to the global isoprene budget is low compared to dry-
land terrestrial plants in warm climates, with oil palm
plantations alone producing an estimated 7800 μg C
m−2 h−1 (Misztal et al. 2011). The inclusion of isoprene
flux measurements in future studies, as well as
studies of the isoprene-degrading communities that
colonise isoprene-emitting mosses and wider wet-
land ecosystems, would greatly improve our under-
standing of the contribution of these ecosystems to
isoprene cycling.
8.  EMISSION OF ISOPRENE BY 
FRESHWATER SOURCES
While lakes and other fresh waters are significant
sources of VOCs such as methane (Wik et al. 2016),
the contribution of freshwater ecosystems to isoprene
emissions is still a point of much debate. Isoprene-
producing species of phytoplankton (both marine and
freshwater) have been reported from diverse taxa
(Exton et al. 2013, Steinke et al. 2018), with isoprene
emission potentially linked to stress responses, as in
plants (Zuo et al. 2012a,b, Meskhidze et al. 2015,
Dani & Loreto 2017, Xu et al. 2017). The evolutionary
basis for isoprenoid biosynthesis by algae is compli-
cated; while plants use a combination of the cytosolic
mevalonate (MVA) pathway and the plastid-localised
methylerythritol 4-phosphate (MEP) pathway (Zhao
et al. 2013), most green algae only use the MEP path-
way, and some red algae and charophyte green algae
use the MVA pathway (Lohr et al. 2012, Bentlage et
al. 2016). Steinke et al. (2018) reported the flux of
both isoprene and dimethyl sulfide (DMS) from the
oligotrophic Lake Constance, Central Europe. Of 10
phytoplankton strains isolated from this lake, 5 emit-
ted isoprene, at rates between 12.6 and 174.3 nmol
(g chl a)−1 h−1, lower than the overall estimated lake
flux of 304 nmol (g chl a)−1 h−1. This discrepancy was
attributed to their screening technique which may
have excluded some isoprene-emitting taxa, or due to
the variability of isoprene emission with changing en -
vironmental conditions. In another study, it was shown
that the Villasjön Lake (northern Sweden) emitted
20 ± 10 μmol m−2 d−1 in the summer (Seco et al. 2020).
Isoprene emission by lakes was suggested to rival
terrestrial plants in areas with high lake coverage
and low plant coverage, although this is yet to be ex-
plored (Steinke et al. 2018).
9.  ISOPRENE EMISSIONS BY COASTAL AND
OPEN MARINE ENVIRONMENTS
Little information is available with regards to the
emission of isoprene from estuarine environments.
According to a simple model which calculated the
annual rate of isoprene production for the Colne
Estuary, UK, using data from benthic incubations,
intertidal sediments from the Colne Estuary were
responsible for an estimated 681 μmol m−2 yr−1 (Exton
et al. 2012). Comparisons with other freshwater and
marine sources of isoprene are difficult to conduct
due to the scarcity of flux measurements. Long-term
studies of isoprene flux are required from a variety
of aquatic environments in order to fully quantify
the relative contributions of each type of ecosystem
to annual isoprene emissions. Sediment samples from
the Colne Estuary emitted an average of 8.38 ±
1.18 nmol isoprene m−2 h−1, with little variation be -
tween the head and mouth of the estuary (Exton et al.
2012). The dissolved concentration of isoprene in the
estuary was higher at low tide which, coupled with
the high isoprene production from sediments, led to
the conclusion that the microphytobenthos was pri-
marily responsible for the emission of isoprene
(Exton et al. 2012).
Estimates of annual marine emissions of isoprene
range from 0.1 to 11.6 Tg C yr−1 (Broadgate et al. 1997,
Luo & Yu 2010, Shaw et al. 2010, Conte et al. 2020).
The disparity between estimates is a result of the dif-
fering measurement or estimation techniques used
and of the effects of seasonality and corresponding
productivity of the measurement period in question.
Bottom-up estimates couple laboratory-based meas-
urements of isoprene emission by phytoplankton with
satellite-based measurements of phy toplankton bio-
mass, based on the abundance of chlo rophyll a
(Broadgate et al. 1997, Shaw et al. 2003, Luo & Yu
2010, Halsey et al. 2017, Davie-Martin et al. 2020, Li
et al. 2020). Top-down approaches combine measure-
ments of isoprene flux from seas with inversion mod-
elling and global scaling (Arnold et al. 2009, Luo & Yu
2010, Shaw et al. 2010). Luo & Yu (2010) calculated
annual aquatic isoprene emission rates of 0.32 and
11.6 Tg C yr−1 by bottom-up and top-down ap-
proaches, respectively, demonstrating the need for
improvements in our understanding of the factors
constraining estimates of isoprene emission.
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Various studies have reported in situ measure-
ments of isoprene from seawater (Milne et al. 1995,
Broadgate et al. 1997, Tran et al. 2013, Kameyama et
al. 2014, Ooki et al. 2015), often relying on purge-
and-trap or cryogenic enrichment systems (Table 1).
Measurements of isoprene concentrations in sea -
water range from <1 to 541 pmol l−1, with the highest
concentrations typically reported in productive coastal
zones or regions of phytoplankton blooms (Milne et
al. 1995, Exton et al. 2012, Tran et al. 2013, Kameyama
et al. 2014, Zindler et al. 2014, Ooki et al. 2015, Booge
et al. 2016). The requirement for large samples and
interference by other BVOCs may result in overesti-
mations of isoprene concentrations, prompting Hre-
bien et al. (2020) to develop the cumulative head-
space injection technique. The limit of detection of
this technique was suitable for use in productive
tropical coastal regions. Also, Li et al. (2020) reported
a novel technique which relied on adsorption and
desorption at room temperature, with measurements
comparable to those of previous studies.
Direct measurements of marine isoprene concen-
trations and fluxes have been gathered from only a
small number of areas, with little spatiotemporal
coverage (Table 1) (Hackenberg et al. 2017, Conte
et al. 2020, Li et al. 2020). While this relative lack of
data precludes large-scale modelling of marine iso-
prene cycling, it has aided our understanding of
various biotic and abiotic drivers of isoprene emis-
sion. As in plants, isoprene emission may play a role
in the resistance of algae to abiotic stresses (Zuo et
al. 2012a,b, Meskhidze et al. 2015, Xu et al. 2017).
Isoprene is synthesised within the plastid (Bentlage
et al. 2016, Zuo 2019) in a manner which is strongly
influenced by temperature and photosynthetically
active radiation (PAR) (Broadgate et al. 2004, Halsey
et al. 2017, Booge et al. 2018, Conte et al. 2020,
Davie-Martin et al. 2020). This relationship is due
to the influence of these factors on phytoplankton
growth, and also the requirement of photosynthetic
electron transport for the production of isoprenoid
precursors (Broadgate et al. 1997, Rasulov et al.
2009, Niinemets & Sun 2015, Conte et al. 2020, Tri-
pathi et al. 2020). Phytoplankton blooms are a sea-
sonal driver of increasing isoprene concentrations,
meaning that drivers of phytoplankton growth must
be taken into account when considering the annual
flux of isoprene (Kameyama et al. 2014, Ooki et al.
2019, Davie-Martin et al. 2020, Rodríguez-Ros et al.
2020, Tripathi et al. 2020). Ooki et al. (2015) identi-
fied a maximum in isoprene concentration between
10 and 20°C, consistent with phytoplankton bloom-
ing temperatures. Measurements of isoprene have
typically identified a diel cycle of increasing iso-
prene concentration with increasing light and tem-
perature (Matsunaga et al. 2002, Broadgate et al.
2004, Liakakou et al. 2007, Acuña Alvarez et al.
2009, Shaw et al. 2010, Exton et al. 2012). Exton et
al. (2012) reported peaks of isoprene concentration
in the Colne Estuary in the daytime and night-time,
although the night-time peak was significantly
smaller and influenced by the aforementioned tidal
changes and proximity to the sediment. A diel pat-
tern of isoprene concentration/ emission was also
demonstrated in Lake Constance (Steinke et al.
2018). Daytime and night-time peaks were also
identified in the western North Pacific, with a larger
peak in the daytime (Matsunaga et al. 2002). How-
ever, the concentration of isoprene in the air was
greater at night (Matsunaga et al. 2002). Similar ob -
servations were made in the Yellow Sea/East China
Sea as isoprene concentrations peaked at midday
but were still detected at night at a lower concen-
tration (Wu et al. 2021). The highest marine and
freshwater concentrations of isoprene were reported
in the afternoon rather than morning, with seasonal
studies reporting higher concentrations in summer
than at other times of year (Broadgate et al. 1997,
Seco et al. 2020). Contrary to these observations,
Bonsang et al. (1992) and Hackenberg et al. (2017)
identified no significant diel variation in isoprene
concentration, although the latter study suggested
that the lack of diel variation may have been due to
sampling in remote regions with little biological
activity. However, a consistent correlation between
surface isoprene concentrations and the sum of pho-
toprotective carotenoids was found, providing an
alternative metric to chlorophyll a content (Hacken-
berg et al. 2017). Oligotrophic zones, which are
often limited in nutrients such as iron, have reported
lower concentrations of isoprene than more produc-
tive areas closer to coastlines (Hackenberg et al.
2017, Rodríguez-Ros et al. 2020), while Davie-Mar-
tin et al. (2020) reported that net production of iso-
prene was higher in the open ocean in the eastern
parts of the North Atlantic Ocean and decreased
with proximity to the coastal shelf in March in the
northern Atlantic.
The sea-surface microlayer (SML) concentrates
organic matter on the ocean’s surface, where photo-
chemical reactions produce organic vapours, in -
cluding isoprene. Initial estimates of the photo -
chemical production of isoprene ranged from 14.4 to
33 120 nmol m−2 d–1 (Ciuraru et al. 2015). Brügge-
mann et al. (2018) updated these predictions using
para meters such as biological net productivity and
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Sampling area Isoprene flux Isoprene conc. Sample type                       Reference
(nmol m−2 d—1) (pmol l—1)
Marine
Southern Ocean 181−313.1 0.2−395 In situ, seawater,                   Meskhidze & Nenes (2007)a, 
(28.8−1238.4) (3−13) shipboard measurement             Kameyama et al. (2014)
NA 1−94 Seawater, purge trap system         Rodríguez-Ros et al. (2020)
14.5 5.6 In situ, seawater,                   Ooki et al. (2015)
shipboard measurement
Arctic Ocean 22−46 1−541 In situ, seawater,                   Tran et al. (2013)
shipboard measurement             
23.8 9.5 In situ, seawater,                   Ooki et al. (2015)
shipboard measurement
Southern Atlantic NA 4.8−57.1 Seawater, purge-and-trap            Rodríguez-Ros et al. (2020)
Ocean system
Eastern Atlantic 48−96 13.7−60.8 Seawater, laboratory                Baker et al. (2000), 
Ocean (36−216) measurement                      Arnold et al. (2009)b
Florida Straits 9.51−101.2 9.8−50.8 In situ, seawater and                Milne et al. (1995), 
(5.8−244.8) atmospheric measurements           Arnold et al. (2009)b
North Pacific/ 158.4 6.7−25 Seawater, laboratory                Bonsang et al. (1992)
Mediterranean Sea measurement
North Pacific NA 42.6 In situ, room temperature-           Li et al. (2020)
enriched thermal desorption          
Northeast Pacific 10.1−28.3 2−12 Seawater, purge-and-trap system     Moore & Wang (2006)
Northwest Pacific 32−300 12−94 Marine air and seawater             Matsunaga et al. (2002),
(14.4−158.4)                                  Arnold et al. (2009)b
1.3−20.2 NA MODIS chlorophyll observations     Palmer & Shaw (2005)
coupled with phytoplankton study     
21.4−143.8 12.4−114.1 In situ, seawater,                   Ooki et al. (2015)
shipboard measurement (1986)       
North Sea 1.4−67.7 0.7−54.3 Seawater, in situ, cryo-trap system.    Liss & Merlivat (1986),
Estimation by Liss and Merlivat      Broadgate et al. (1997)
relationship                        
Yellow Sea/ 52.4 17.1 Seawater and atmospheric           Wu et al. (2021)
East China Sea samples. Laboratory analysis         
Coastal Japan NA 27.54 In situ, room temperature-           Li et al. (2020)
(Hokkaido) enriched thermal desorption          
Indian Ocean 7.3−232.3 6.5−51.9 In situ, seawater,                   Ooki et al. (2015)
shipboard measurement             
Estuary
Colne Estuary, UK 201.1 ± 28.3 0.7−451.8 Estuary water, cryo-trap             Exton et al. (2012)
system. Sediment sampling           
Intertidal rock pool
Mace Head, Ireland 974.9 24.9−865.5 Seawater and seaweed,             Broadgate et al. (2004)
cryo-trap system. In situ rock pool
study with stainless steel bucket
Reef sediments
Heron Island (GBR) 194.4−290.4 NA Sediment, benthic chambers          Hrebien et al. (2020)
Lizard Island (GBR) 69.6−139.2 NA Sediment, benthic chambers          Hrebien et al. (2020)
Lake
Lake Constance 350.4 183−722 Lake water, purge-and-trap system    Steinke et al. (2018)
Lake Villasjön 600−20 000 NA Eddy covariance measurements       Seco et al. (2020)
Fenland
Northern Sweden, 300−93 000 NA Eddy covariance measurements       Seco et al. (2020)
Graminoid
aRemotely sensed data from Moderate Resolution Imaging Spectroradiometer (MODIS) and Sea-viewing Wide Field-of-
view Sensor (SeaWiFS); bModelled results were calculated by a combination of phytoplankton functional type, observed
by PHYSAT (Alvain et al. 2005), and 3-D global chemical transport model
Table 1. Reported concentrations of isoprene and flux measurements according to sampling location and type. Values in 
brackets were derived from models. NA: not available; GBR: Great Barrier Reef
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mean surface wind speeds, estimating 0.7−1.52 Tg C
yr−1 isoprene from the SML. More recently, a global
simulation of isoprene emission estimated 0.39 Tg C
yr−1 due to photoproduction in the SML (Conte et al.
2020). Photochemical production of isoprene from
the SML may account for a portion of the deviation
be tween top-down and bottom-up estimates of
aquatic isoprene emissions. The fact that these emis-
sions are dependent on sunlight may also contribute
to the observations of a diel pattern of isoprene
emissions. The concentration of isoprene in the SML
remained enriched at low windspeeds, requiring ap -
proximately 10 m s−1 before the depletion of isoprene
was observed (Ciuraru et al. 2015); this correlated with
the observations of marine particle nucleation made
by Wen et al. (2006), as they also found that greater
wind speed increased the likelihood of nucleation
occurrence. Enrichments of SML isoprene may also
influence local communities of isoprene-degrading
bacteria, providing a rich area for molecular ecology
studies.
Isoprene emissions associated with phyto-
plankton blooms and other isoprene-emitting
species may result in changes in cloud formation
and local climate due to the influence of isoprene
on secondary organic aerosol (SOA) formation
(Meskhidze & Nenes 2007, Cropp et al. 2018).
However, Arnold et al. (2009) estimated that iso-
prene-derived SOA could only account for 0.5%
of marine organic carbon aerosols, while Hu et
al. (2013) posited that phytoplankton blooms
could produce sudden spikes in SOA over re -
mote oceans. Alternatively, isoprene may be an
insignificant contributor to global marine SOA
yield but a significant contributor to SOA yield
over tropical oceans (Gantt et al. 2009), and SOA
formation has been correlated with both sea-
sonal variation and chlorophyll a (Cui et al.
2019). The important impact of isoprene on
global SOA formation over aquatic ecosystems
cannot be accurately estimated at present due to
the incomplete understanding of aquatic iso-
prene emissions. Two examples illustrate the
un certainties associated with isoprene in the
marine environment. A recent study estimated
that as much as 4.8 Tg C yr−1 of isoprene was
emitted solely by diatoms in temperate oceans
(Dani et al. 2017), nearly half of the high end of
previous total marine estimates (Luo & Yu 2010),
and some diatom species produce isoprene at
rates as high as 35 μg (g chl a)−1 h−1 (Meskhidze
et al. 2015). Isoprene concentrations in a hyper-
saline saltern (Mallorca) ranged from 209 to 313
pmol l–1, corresponding with salinity ranging from 4
to 23%, re spectively (Rinnan et al. 2014). Although
the primary isoprene emitters in this environment
were not identified, the phototrophic communities
tend to be composed of benthic cyanobacteria and
chlorophytes, such as Dunaliella salina (Rinnan et al.
2014). Further studies are required to investigate the
biological components of isoprene cycling in extreme
environments, particularly hypersaline environments
which constitute a considerable proportion of the
Earth’s surface.
10.  ISOPRENE EMISSION BY MICROALGAE,
MACROALGAE AND CORAL-ASSOCIATED
SPECIES
Most reports of aquatic isoprene-emitting organ-
isms focus on phytoplankton (Table 2), with only one
study demonstrating isoprene emission by macroalgae
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Taxonomic Isoprene emission range    Reference
group (μmol (g chl a)−1 d—1)       
Haptophytes 1.24−2.73                 Arnold et al. (2009)
2.88−15.36                Exton et al. (2013)
5.4−11.45                 Colomb et al. (2008)
Cyanobacteria 2.40−22.10                Arnold et al. (2009)
2.40−11.76                Exton et al. (2013)
1.4−1.5                   Shaw et al. (2003)
0.02±0.003–0.16±0.04b     Steinke et al. (2018)
Chlorophytes 2.85                      Colomb et al. (2008)
1.2                       Exton et al. (2013)
0.36±0.22                Bonsang et al. (2010)
83.28a                    Broadgate et al. (2004)
0.16±0.02b                       Halsey et al. (2017)
0.049±0.036b              Steinke et al. (2018)
Diatoms 0.00−10.10                Arnold et al. (2009)
0.72−9.36                 Exton et al. (2013)
28.48                     Colomb et al. (2008)
0.56−1.32                 Bonsang et al. (2010)
0.36±0.17–12.38±5.81c    Dani et al. (2017)
0.47±0.07b                       Halsey et al. (2017)
Dinoflagellates 4.56−27.6                 Exton et al. (2013)
Cryptophytes 9.36±0.72                Exton et al. (2013)
0.01±0.009b               Steinke et al. (2018)
Fluxes are shown as μmol (g chl a)–1 d–1, except aIsoprene emis-
sion by the macroalgae Ulva intestinalis was measured in pmol
g−1 (dw) d−1;; bIsoprene emission re ported by Halsey et al. (2017)
and Steinke et al. (2018) measured in μmol (g chl a)−1 h−1; cIso-
prene emissions by diatoms were normalised to chlorophyll a
and chlorophyll c
Table 2. Published rates of isoprene emission in different aquatic 
isoprene-emitting organisms, collated by Booge et al. (2016)
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(Table 3) (Broadgate et al. 2004). All 10 species of sea-
weed tested, including the abundant macroalga Ulva
intestinalis, emitted isoprene in a temperature- and
light-dependent manner. The red alga Aspara gopsis
armata was the highest producer, while the brown
alga Ascophyllum nodosum was the lowest producer,
with isoprene emission rates of 5.26 and 0.46 pmol
g−1 (dry weight, dw) h−1, respectively (Broad gate et
al. 2004). Aquatic isoprene emitters may continue to
produce isoprene in the dark, albeit at a lower rate
than the photosynthesis-driven isoprene emission rate
(Shaw et al. 2003, Ooki et al. 2019). Studies in terres-
trial plants have demonstrated the sudden cessation of
isoprene emission in the absence of light, with only a
brief spike in emission concurrent with the release of
the stored isoprenoid precursor DMAPP (Rasulov et
al. 2009, Li & Sharkey 2013, Weise et al. 2013). The
estimated rate of isoprene production in macroalgae
only decreased from 30 pmol g−1 (dw) h−1 during the
day to 10 pmol g−1 (dw) h−1 at night. Likewise, cyano-
bacteria and diatoms retained approximately 10% of
their daytime rate of isoprene emission when in dark
conditions (Shaw et al. 2003, Ooki et al. 2019). Exton et
al. (2012) demonstrated a peak in isoprene emission at
night in the Colne Estuary, further indicating that
night-time isoprene emission should be considered in
aquatic models of isoprene flux. Dani et al. (2020)
demonstrated the ability of mixotrophic Chlorella
vulgaris to produce isoprene in the dark only while
supplied with glucose, thus a contribution to aquatic
isoprene production by mixotrophic protists growing
heterotrophically should be considered. Gantt et al.
(2009), however, reported that certain diatom and
coccolithophore species did not produce any signifi-
cant quantity of isoprene when incubated in the dark.
Isoprene production was reported in laboratory
cultures of coral-associated dinoflagellates, such as
Symbiodiniaceae (Exton et al. 2013). Also, field data
from Indonesia suggested that BVOC
production by coral holobionts ex -
ceeded that of other primary producers
such as macroalgae and seagrasses
(Exton et al. 2015). Isoprene-degrading
capacity was demonstrated in tropical
coastal seawater microcosms (Acuña
Alvarez et al. 2009), and isoprene pro-
duction by the coral Acropora aspera
was confirmed by Swan et al. (2016).
Isoprene emissions were highest when
corals were stressed by agitation
caused by shaking, coinciding with
the release of mucus. Conversely, iso-
prene was not detected, and mucus
was not produced, when A. aspera fragments were
undisturbed. Symbiodiniaceae that associate with
the gastrodermis of the coral host were suspected as
the primary source of isoprene, al though this was
not investigated. Under stressful conditions, such as
elevated temperature or light intensity, coral hosts
exude their zooxanthellae symbionts, which are
secreted via mucus sloughing (Broadbent & Jones
2004). A. aspera inhabits shallow bodies of water,
such as reef flats and lagoons, making this species
particularly susceptible to solar irradiance. This
stress is thought to in duce production of VOCs in -
cluding DMS and isoprene by coral-associated zoo -
xanthellae and may result in mucus production by
the coral host (Swan et al. 2016).
Since comprehensive data on isoprene production
by corals are lacking, for this work we conducted
experiments with A. horrida coral fragments using a
static headspace sampling method. A. horrida frag-
ments produced isoprene at a mean rate of 0.97 ±
0.12 and 2.24 ± 0.89 pmol cm−2 h−1 during incubations
at 27 and 29°C, respectively (Fig. 5). Isoprene pro-
duction rates were significantly different between
temperature regimes (p ≤ 0.05), determined by 1-way
ANOVA, suggesting that isoprene is involved in a
thermo-protective response by A. horrida. Cropp et
al. (2018) suggested that corals may emit BVOCs in
response to stressors such as irradiance, indicating
that the relationship between isoprene emission and
coral stress requires further investigation. Isoprene
production by Acropora spp. suggested that sclerac-
tinian coral holobionts are important isoprene pro-
ducers in tropical marine regions and contribute to
the total atmospheric flux of isoprene from the mar-
ine environment. However, compared to isoprene
emissions from microalgae (Colomb et al. 2008, Bon-
sang et al. 2010, Exton et al. 2013) and macroalgae
(Broadgate et al. 2004) the measurements reported
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Major taxo- Specific Isoprene Units Reference
nomic group group emission rate
Macroalgae Red algae 0.31−5.26 pmol g−1 (dw) h−1 Broadgate et al. 
(2004)
Brown algae 0.69−1.38 pmol g−1 (dw) h−1 Broadgate et al.
(2004)
Corals Acropora 0.01−0.058 ng g−1 (fw) h−1 Swan et al.
aspera (2016)
Acropora 0.97−2.24 pmol cm−1 h−1 This study
horrida
Table 3. Emission of isoprene by macroalgae and corals. dw: dry weight; 
fw: fresh weight
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here for A. horrida are lower. The data presented here
represent the emission of isoprene by A. horrida nor-
malised per unit of surface area. A. horrida has a large
surface area relative to its 2-dimensional footprint.
Hence, per sea surface area, coral reefs may add sub-
stantially to local isoprene emissions. Additionally,
while Swan et al. (2016) primarily attributed isoprene
emissions from A. aspera to the symbiotic zooxanthel-
lae, Raina et al. (2013) found that Acro pora spp. pro-
duced dimethylsulfoniopropionate (DMSP) even in
the absence of Symbiodiniaceae symbionts, indica-
ting the possibility that the coral host may be re -
sponsible for the emission of other BVOC. Lawson et
al. (2020) also recently reported significant changes
to the output of BVOCs from Symbiodiniaceae-
associated bacteria when incubated with filtrate
derived from the phytoplankton, indicating a role of
bacteria in the emission of BVOCs from corals, al -
though this has not been linked to isoprene. The
impact of changing environmental conditions on iso-
prene emission by coral requires further study. A.
aspera emits isoprene under ambient conditions
(Swan et al. 2016), and no significant difference in
isoprene emission by A. intermedia or Pocillopora
damicornis oc cur red in response to acute heat stress
(Lawson et al. 2021). The contribution of other coral
species, particularly those belonging to more ther-
mally tolerant genera such as Porites spp. (Loya et al.
2001), must be investigated further.
Hrebien et al. (2020) reported that coral reefs with
a covering of microphytobenthos at Heron Island
(southern Great Barrier Reef) generated isoprene at
rates between 194.4 and 290.4 nmol m−2 d–1 (Table 1),
whereas reef sediments at Lizard Island on the north-
ern end of the Great Barrier Reef generated between
69.6 and 139.2 nmol m−2 d–1. The difference in pro-
duction was suggested to be due to differences in the
composition of the local benthic communities (Hre-
bien et al. 2020). The greatest values for isoprene flux
were recorded during the daytime, while night-time
values became negative at times. Fluxes of −1.5 ± 1.0
to 4.8 ± 0.8 nmol m−2 h−1 at Heron Island and 1.2 ± 6.1
to 2.6 ± 0.2 nmol m−2 h−1 at Lizard Island were re -
corded in the dark, respectively (Hrebien et al. 2020),
suggesting that these carbonate sediments and their
associated microphytobenthos may become sources
or sinks for isoprene according to a diel cycle.
11.  MECHANISMS OF ISOPRENE LOSS FROM
AQUATIC ECOSYSTEMS
Mechanisms of isoprene loss from the ocean are
poorly understood, although the greatest loss is likely
to be due to abiotic processes such as air−sea gas ex-
change, driven by wind-speed and local temperature
(Palmer & Shaw 2005, Booge et al. 2018). Bacteria
were suggested to be the second most important
cause of isoprene loss (Palmer & Shaw 2005). Reports
have also suggested the importance of reactive oxy-
gen species (ROS) and hydoxyl radicals (OH) in the
aqueous phase, also important in atmospheric cycling
of isoprene (Seinfeld & Pandis 2006, Wennberg et al.
2018, Berndt et al. 2019), although the turnover of
these processes in the ocean has not been fully de-
scribed (Riemer et al. 2000, Palmer & Shaw 2005,
Zinser 2018). The role of isoprene-degrading microor-
ganisms in marine ecosystems has yet to be quanti-
fied. Booge et al. (2018) emphasised that calculations
of isoprene loss, aside from abiotic processes such as
air−sea exchange, must include microbial meta -
bolism. They reported rate-loss constants for micro -
organisms in equatorial and coastal regions of 0.01
and 0.1 d–1, respectively, indicating greater microbial
activity in productive coastal zones, although total
bacterial cell numbers did not significantly influence
the rate of consumption (Booge et al. 2018). Factors
that influence bacterial community composition must
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Fig. 5. Isoprene production by Acropora horrida coral frag-
ments incubated at 27°C (n = 8) and 29°C (n = 3) (±SE), nor-
malised by surface area. Coral fragments were incubated for
4 h in 100 ml gas-tight bottles containing purged artificial
seawater and exposed to a light intensity of 300 μmol pho-
tons m−2 s−1. Control bottles containing only purged artificial
seawater were incubated under the same conditions. Coral
isoprene production was control-corrected by subtracting
control-bottle isoprene concentrations from isoprene con-
centrations measured in bottles containing coral fragments.
Using the purge-and-trap method, isoprene was measured
via a Shimadzu GC-2014 gas chromatograph coupled with a
flame ionisation detector (GC-FID). The GC column was a
1.5 m glass column packed with 10% Apiezon L on CarboWax
(60/80 mesh). The statistical test performed on these data 
was 1-way ANOVA 
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also be considered. Areas with a high abundance of
grazers of haptophytes, a phytoplankton functional
type which is also responsible for emission of isoprene
(Table 2), may remove the correlation between bacte-
rial abundance and local aquatic isoprene concentra-
tion (noted by Booge et al. 2018).
Intertidal waters and sediments, including almost
fresh, brackish and marine waters, were the subject
of some of the first studies into the identification of
aquatic isoprene-degraders. Isoprene-enriched micro -
cosms from water in the Colne Estuary (UK) were
dominated by Mycobacterium (approximately 90%
relative abundance), with a small contribution by
Ochrobacterium closer to the mouth of the estuary
(Acuña Alvarez et al. 2009). Isoprene-enriched micro-
cosms from sediments taken from the same locations
were dominated by Rhodococcus spp. (approxi-
mately 65−70%), with smaller contributions by
Actino synnema (Acuña Alvarez et al. 2009). Iso-
prene-enriched sediments and waters from the Berre
Lagoon (southern France) were both dominated by
Rhodo coccus spp. (80−93% relative abundance), un -
like the Colne Estuary in which Rhodococcus spp.
were only detected in the sediments (Acuña Alvarez
et al. 2009). Isoprene-enriched taxa were linked to
the function of isoprene degradation by DNA-SIP.
For example, Actinobacteria were the most abundant
isoprene-degrading bacteria from the Colne Estuary
(Johnston et al. 2017). Members of this phylum have
been linked to isoprene degradation in previous
studies of freshwater (sediment and water), as well as
terrestrial leaves and soils, with Rhodococcus spp.
frequently dominating isoprene-enriched communi-
ties (Acuña Alvarez et al. 2009, Carrión et al. 2018,
Crombie et al. 2018, Larke-Mejía et al. 2019). Rhodo -
coccus sp. AD45, the basis for several studies of the
mechanisms of isoprene degradation, was initially
isolated from freshwater sediment (van Hylckama
Vlieg et al. 1998).
Isoprene-degrading bacteria have been enriched
and isolated from marine ecosystems. Acuña Alvarez
et al. (2009) reported that the microbial community of
isoprene-enriched Indonesian seawater was domi-
nated by Stappia spp. (62% relative abundance),
with a significant contribution from Rhodococcus
spp. (31% relative abundance). Stappia sp. Il2 was
also isolated from seawater in the Western Channel,
UK (Johnston et al. 2017), indicating the ability of iso-
prene-degraders from this genus to inhabit environ-
mentally distinct marine ecosystems. Acuña Alvarez
et al. (2009) also reported that isoprene produced by
Dunaliella tertiolecta and Phaeodactylum tricornu-
tum was consumed at environmentally relevant con-
centrations, by a mixture of isoprene-degrading bac-
teria isolated from estuarine sources. They noted
that these concentrations did not support the prolif-
eration of these bacteria but that the cell density ini-
tially increased in response to isoprene exposure,
suggesting that the nutritional versatility of isoprene-
degraders was important to their lifestyle. This versa-
tility was supported by Moore et al. (2020), who
noted an increase in intracellular ATP in Pelagibac-
ter sp. HTCC1062 (SAR11) when supplemented with
isoprene. Interestingly, when co-cultured with Pela -
gibacter sp. HTCC1062 (SAR11), the isoprene-emit-
ting Thalassiosira pseudonana displayed a 20% in -
crease in carbon fixation due to VOC removal by the
bacterium (Moore et al. 2020).
Although few studies are available that demonstrate
isoprene degradation by marine microbial communi-
ties, the role of microorganisms as a marine isoprene
sink has already been suggested (Moore & Wang 2006,
Davie-Martin et al. 2020). The isoprene oxidation ca-
pacity of microbes associated with corals has also not
been tested, and so we measured isoprene degrada-
tion in serum bottles containing either ground coral
fragments or bacterial cells filtered from aquarium
seawater in which the corals were growing (Fig. 6).
Compared with the sterile controls, biodegradation of
isoprene was clearly demonstrated in both sample
types. Irrespective of the incubation temperature, iso-
prene loss was significantly greater after 22 d in the
ground-coral incubations than in incubations with
planktonic cells concentrated onto filters (p <0.01).
Data were analysed for statistical significance by the
repeated measures ANOVA. Thus, the isoprene-en-
riched microenvironment associated with the coral
holobiont may facilitate the establishment of an iso-
prene-degrading community, resulting in the ob-
served differences in degradation rates between coral
fragments and planktonic bacterial cells. These find-
ings also suggest that gross isoprene production by A.
horrida is likely to be considerably higher than net
production identified in Table 3 and, in the absence
of isoprene-degrading microorganisms, that coral-
sourced isoprene could have a larger impact on at-
mospheric chemistry, particularly at a local scale.
12.  FUTURE PERSPECTIVES
Very few reports of isoprene emission and flux are
available from aquatic ecosystems, particularly fresh-
water, adding to the uncertainty in estimates of
global aquatic isoprene cycling. The disparity be -
tween top-down and bottom-up measurements of
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marine isoprene emissions demonstrates the need for
an improved understanding of the factors controlling
isoprene cycling (Arnold et al. 2009, Luo & Yu 2010,
Hu et al. 2013). Exceptions to the typical diel cycle of
isoprene emission must also be studied. Exton et al.
(2012) identified 2 distinct peaks in isoprene concen-
tration in the daytime and night-time in the Colne Es-
tuary, and cyanobacteria and diatoms also retain a
portion of the daytime rate of isoprene emission while
in the dark (Shaw et al. 2003, Ooki et al. 2019). The
freshwater mixotroph, Chlorella vulgaris, produced
isoprene at the same rate irrespective of whether it
was grown as a photoautotroph under light or as a
heterotroph feeding on exogenous glucose in the
dark (Dani et al. 2020). It will be interesting to deter-
mine the contribution of mixotrophic marine protists
to dark isoprene production, especially in the oligo-
trophic ocean. Moreover, some terrestrial heterotro-
phic bacteria produce isoprene (Kuzma et al. 1995),
so their contribution to dark isoprene production in
the aquatic en vironment merits investigation. There
is a need for in situ measurements of isoprene emis-
sions (Palmer & Shaw 2005, Conte et al. 2020) over a
wider range of marine en vironments and time scales,
and for an improved understanding of the difference
in emission rates between different phytoplankton
functional types (PFTs) (Booge et al. 2016, 2018, Dani
et al. 2017, Conte et al. 2020). This requirement is ev-
ident when considering the differences in isoprene
emission reported by Exton et al. (2013). Marine
microalgae of the classes Chlorophyceae and Dino-
phyceae produced isoprene at rates of 0.05 and 0.86
μmol (g chl a) h−1, respectively, indicating that the lo-
cal composition of the phytoplankton community can
cause wide variations in emission rates (Exton et al.
2013, Booge et al. 2016). The need for a greater range
of emission data from different phytoplankton func-
tional types has been identified by recent studies
(Booge et al. 2018, Conte et al. 2020).
There is very little information available regarding
the community composition or abundance of isoprene-
degraders in marine ecosystems. Given the significant
increases in dissolved and emitted isoprene during
phytoplankton blooms (Moore & Wang 2006, Ooki et
al. 2019, Davie-Martin et al. 2020, Tripathi et al. 2020),
blooming events may trigger seasonal changes in
microbial isoprene-degrading communities. System-
atic surveys of these communities using functional
gene probes would begin to identify the interactions
be tween isoprene-emitting and isoprene-degrading
microorganisms in aquatic ecosystems. Previous studies
used specifically designed probes to target the con-
served active site component of isoprene mono oxy -
genase (isoA) in the isoprene metabolic pathway (El
Khawand et al. 2016, Carrión et al. 2018). Thus far,
only the 16S rRNA gene has been used to distinguish
between isoprene-enriched microcosms from estuar-
ine, freshwater, and marine waters and sediments
(Acuña Alvarez et al. 2009). Studies using the 16S
rRNA gene primarily identified members of the Acti-
nobacteria and Alpha proteobacteria (Acuña Alvarez
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Fig. 6. Microbial isoprene degradation in serum bottles
(125 ml) containing ground Acropora horrida coral fragments
or 0.22 μM filters containing aquarium water-associated bac-
terial cells (±SE). Following incubation at 27 or 29°C, coral
fragments (0.43 ± 0.14 g, 27°C; 0.34 ± 0.07 g, 29°C) were
ground into a course powder using a sterile pestle and mor-
tar and added to serum bottles containing 10 ml of ONR7a
seawater-nutrient medium (Dyksterhouse et al. 1995). Gas-
phase isoprene (100 μl), taken from the headspace of liquid
isoprene (≥99% purity), was injected into each bottle.
Aquarium water (300 ml), maintained at 27 or 29°C, was fil-
tered through 0.22 μM filters to collect bacterial cells. A sin-
gle filter was added to each serum bottle containing 10 ml of
ONR7a seawater-nutrient medium and enriched with 100 μl
of gas-phase isoprene. No-inoculum controls (n = 6) were
prepared by injecting 100 μl of gas-phase isoprene into
serum bottles containing 10 ml of ONR7a seawater-nutrient
medium only. Serum bottles were incubated in the dark at
30°C. Headspace isoprene concentrations were measured
using an ATI Unicam 610 Series gas chromatograph with
a 1.5 m packed column (10% Apiezon L on CarboWax, 
60−80 mesh) and a flame ionisation detector
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et al. 2009, Johnston et al. 2017). Further studies using
isoA-specific probes are required, as this would
begin to reveal the distribution, diversity, and abun-
dance of isoprene-degraders in aquatic samples. The
interface between aquatic and terrestrial ecosystems
also requires further study, as isoprene emissions from
terrestrial sources may influence aquatic isoprene-
degrading bacteria, and vice versa. Inland aquatic
ecosystems such as estuarine water and sediments,
rivers, and also partially submerged vegetation such
as mangrove swamps may provide valuable insights
into the interplay between aquatic and terrestrial iso-
prene sources and sinks. Given that lakes constitute a
large surface area in northern latitudes, their contri-
bution to isoprene production merits further investi-
gation, especially in areas of the Arctic where warm-
ing is most rapid.
Additional isolates of aquatic isoprene-degrading
bacteria are required in order to conduct further labo-
ratory-based studies. At present, isoA serves as the
basis for molecular probing of isoprene-degrading
communities, but this does not account for alternative
metabolic pathways. A recent study by Kronen et al.
(2019) demonstrated anaerobic metabolism of iso-
prene, with isoprene acting as an electron acceptor,
highlighting the need for a broader understanding of
the diversity of isoprene-utilising microorganisms.
The majority of isolated isoprene oxidisers are terres-
trial, with the few aquatic isolates sharing the arche-
typal isoprene metabolic pathway first de scribed in
Rhodococcus sp. AD45 (van Hylckama Vlieg et al.
2000). Aside from bona fide isoprene-degraders,
some SDIMO are able to catalyse the co-oxidation of
isoprene to epoxyisoprene without its subsequent in-
corporation as a source of carbon or energy. Such
SDIMO include the sMMO of Methylococcus capsu-
latus (Bath) (Colby et al. 1977, Green & Dalton 1989,
Dawson et al. 2020) and the 4-component alkene
monooxygenase of Xanthobacter auto trophicus Py2
(Small & Ensign 1997, Ensign 2001, Johnston et al.
2017). A recent study demonstrated the use of in-
hibitory linear alkynes to differentiate between iso-
prene oxidation by the bona fide isoprene-degrader
Variovorax sp. WS11 and the metha notroph M. cap-
sulatus (Bath), wherein acetylene specifically inhib-
ited co-oxidation by the sMMO and octyne specifically
inhibited the isoprene monooxygenase (Dawson et al.
2020). This approach could be used to interrogate the
active isoprene-degrading communities of various
environmental samples. Co-oxidation of isoprene
may facilitate cross-feeding of unrelated microorgan-
isms in aquatic ecosystems, which has frequently
posed an issue for DNA-SIP studies (Mooshammer et
al. 2021). Meta-metabolomics analysis would provide
valuable insights into the contributions of isoprene-
degrading and co-oxidising microorganisms. At the
laboratory scale, this could begin with co-culture
work similar to that described by Acuña Alvarez et al.
(2009) and Moore et al. (2020). By using labelled CO2,
the flow of carbon could be tracked between iso-
prene-emitting phytoplankton and isoprene-consum-
ing organisms. Isoprene metabolism may not be lim-
ited to bacteria; to date there have been no reports of
archaeal or fungal isoprene-degraders, although the
abundance of the Zygomycota increased during incu-
bations with isoprene in a soil study (Gray et al. 2015).
On a broader scale, a combination of omics techniques
performed on water and sediment from diverse loca-
tions would further clarify the biological underpin-
nings of isoprene cycling in aquatic environments.
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